Abstract Bonding interactions between polyvalent cations and oxo-anions are well known and characterized by predictably favorable Gibbs energies in solution-phase coordination chemistry. In contrast, interactions between ions of like charge are generally expected to be repulsive and strongly influenced by cation solvation. An exception to this instinctive rule is found in the existence of complexes resulting from interactions of pentavalent actinyl cations ([O:An:O] ? ) with selected polyvalent cations. Such cation-cation complexes have been known to exist since the 1960s, when they were first reported by Sullivan and co-workers. The weak actinyl cation-cation complex, resulting from a bonding interaction between a pentavalent linear dioxo actinyl cation donor and hexavalent actinyl or trivalent/ tetravalent metal cation acceptor, has been most commonly seen in media in which water activities are reduced, principally highly-salted aqueous media. Such interactions of pentavalent actinides are of relevance in ongoing research that focuses on advanced nuclear fuel processing systems based on the upper oxidation states of americium. This investigation focuses on exploring the thermodynamic stability of complexes between selected highly-charged metal cations (Al 
Introduction
The actinide (An) cations from uranium to americium can be found in acidic aqueous media in several oxidation states, from the trivalent to the hexavalent [1] . At or above the pentavalent (?5) oxidation state, these actinide cations predominantly adopt a nearly linear, generally substitution-inert dioxo-cation conformation [2] . While the overall formal charge of the actinyl cation is positive, regions of partial negative effective charge are localized on the oxygen atoms of the actinyl structure [3] . In complexes with conventional complexing anions, Choppin and Rao have observed (using an electrostatic bonding model) that NpO þ 2 exhibits an effective charge of ?2.2 while the hexavalent UO 2þ 2 typically exhibits a ?3.2 effective charge in a similar correlation [4] . The intermediate effective charge on the Np(?5)/U(?6) metal centers (i.e., between the formal dioxocation ?1/?2 charge and the cation valency (?5/? 6)) implies incomplete ''neutralization'' of the cation valence by the two covalently bonded O 2-ions. Density functional theory studies have indicated an effective charge of -0.34 to -0.57 on each oxygen atom in the gas-phase NpO þ 2 cation structure [5, 6] . The valence 6d, 5f and pseudo-core 6p orbitals of the actinyl cation contribute to the covalent An-O bonds [7, 8] . The An-O bond order in the actinyl linear dioxocation is considered to be three, consistent with a representative bond length of about 1.80 Å [8] .
Actinyl cation-cation complexes were first observed by Sullivan while studying the oxidation-reduction behavior of U 4? and NpO 2þ 2 in acidic, aqueous media [9] . As a reductant, the U 4? cation donates one valence 5f electron to each of two NpO 2þ 2 acceptor cations.
The progress of this chemical reaction was monitored spectrophotometrically. When a new peak (and an isosbestic point) was observed, red-shifted from the 980 nm peak that characterizes the aquated NpO þ 2 cation, it was determined that a NpO þ 2 Á UO 2þ 2 cationcation ''complex'' was present in the acidic, non-complexing high ionic strength aqueous media; the new peak did not correspond to any other known uranium or neptunium species [10] . One year later, Sullivan further demonstrated that the NpO þ 2 cation would form complexes with other highly charged metal cations at equilibrium in acidic, non-complexing high ionic strength aqueous media [11] . Evidence for the existence of similar complexes with all pentavalent actinides have been reported, hence this chemistry is relevant to ongoing separations work based on oxidized americium species [12] . New information on NpO þ 2 (E°(Np(V/IV)) = ?0.604 V) [1] stabilization by cation-cation interactions can provide useful insights for the more challenging task of stabilizing AmO þ 2 (E°(Am(V/III)) = ?1.727 V) [1] to enable advanced nuclear fuel treatment options based on oxidized Am species. Since Sullivan's initial studies, other actinyl cation-cation complexes have been reported. The equilibrium constants for several actinyl cation-cation species are tabulated in Table 1 . The stability of any actinyl cation-cation complex generally decreases with increasing atomic number of the actinide (from uranium to americium); the most important species are those based on NpO þ 2 as all other pentavalent actinides are either prone to disproportionation (U, Pu) or strongly oxidizing in acidic aqueous media (Am). This order of increasing instability of cation-cation complexes correlates with the decreasing actinide metal-''yl'' oxygen bond distance and thus diminished partial negative effective charge on the ''yl'' oxygen atoms as the actinide atomic number increases [13] . Most actinyl cationcation complexes, composed of a pentavalent actinyl cation electron-donor and hexavalent actinyl or highly charged (?3 or greater) metal cation acceptor, have been reported to occur in acidic, non-complexing high ionic strength aqueous media. The suggested mode of actinyl cation-cation coordination described in Sullivan's study is shown in Fig. 1 [11] .
Complex formation equilibrium constants for actinyl cation-cation complexes are substantially less than 10 in these highly salted aqueous media, defining moderately weak interactions. As can be noted in Table 1 , cation-cation complexes have mainly been observed in aqueous media of high total ionic strength, i.e., media of reduced water activity. This observation strongly suggests that weak ion-solvent interactions may be an essential feature of these unusual species. For comparison, reported stability constants for NpO , acetate, and F -) are K X = 0.38, 0.56, 1.2, 9.1, and 18, respectively [4, [14] [15] [16] [17] . Conventional metal-ligand complexes usually decrease in thermodynamic stability with increasing ionic strength. Clearly, medium effects are important in regulating the stability of ionic complexes.
The actinyl cation-cation complex formation reaction is demonstrated in Eq. 2 where ''solv'' indicates the solvation environment of the metal cation in solution. The thermodynamic equilibrium constant (K eq ) for the actinyl cation-cation formation reaction is defined in Eq. 3, where the equilibrium constant (K eq ) is equivalent to b 101 . , U-Am) donor and highly charged metal cation (M n?
) acceptor [11] J Solution Chem (2017) 46:1299-1314 1301
A small number of studies have reported the existence of actinyl cation-cation complexes in organic phases of solvent extraction experiments; in such media, the dielectric constant is usually quite low, thus ion-pairing reactions are expected to be more favorable. Nagasaki [20] . The presence of more than 1 molÁL -1 TBP in these strictly nonpolar dodecane/kerosene solutions considerably increases the polarity of the kerosene phases, with the general effect of improving the solubility of ions and extractant molecules.
It can be readily noted that the equilibrium constants of actinyl cation-cation complexation in the organic phases of the solvent extraction studies are significantly larger than similar complexes in acidic, high ionic strength aqueous media. The influence of the solvent composition and secondary metal cation on actinyl cation-cation interactions has not been systematically investigated in the prior literature. As a pentavalent actinide cation, the quasi-stable NpO It was hypothesized that actinyl cation-cation complexes in mixed aqueous-polar organic solvent media would be stronger than has been reported in acidic, high ionic strength aqueous media. The experiments were conducted using the shortest practical contact time to mitigate against solvent evaporation and NpO þ 2 disproportionation. To test the universality of the phenomenon and to aid in developing a more complete understanding of the systems, several different polar organic solvents were employed. To accommodate the active redox chemistry of neptunium and the solubility of the trivalent counter cation salts, it was often necessary to employ mixed solvents; the potential impact of these mixed media was considered in the final attempts to correlate a diverse data set. Insights and trends concerning the role of the metal and solvent with respect to neptunyl cation-cation interaction will be discussed. . However, it is less clear that this stability persists in polar organic media. In the course of these experiments it became apparent that precautions were needed to maintain NpO þ 2 . Periodic redox instability of neptunium was easily detected but experimental expediency dictated the need for making observations on mixed polar organic media and an acidic aqueous neptunium stock.
Experimental
Solvents employed for the neptunyl spectrophotometric experiments were 1,4-dioxane (anhydrous, 99.8%, Sigma-Aldrich), 2-propanol (2-PrOH) (anhydrous, Sigma-Aldrich), acetonitrile (MeCN) (anhydrous, 99.8%, Sigma-Aldrich), and propylene carbonate (PC) (anhydrous, 99.7%, Sigma-Aldrich). Each solvent was used without further purification. Water used was either HPLC grade from Sigma-Aldrich or 18 MX distilled, de-ionized water.
The anhydrous uranyl chloride tetrahydrofuran solid, [UO 2 Cl 2 (THF) 2 ] 2 , used as the source of the UO 2þ 2 counter ion for the neptunyl mixed solvent spectrophotometry experiments, was synthesized following a literature procedure [21] . The [UO 2 Cl 2 (THF) 2 ] 2 product was placed in glass vials, wrapped in aluminum foil to protect the tetrahydrofuran in the anhydrous uranyl chloride product from photo-degradation, and stored in a desiccator. The following metal salts were used without further purification in the neptunyl cation-cation mixed solvent spectrophotometric experiments: chromium(III) chloride tetrahydrofuran complex (CrCl 3 Á3THF, 97%, Sigma-Aldrich), anhydrous iron(III) chloride (FeCl 3 , 99.99%, Sigma-Aldrich), anhydrous indium(III) chloride (InCl 3 , 99.999%, SigmaAldrich), and scandium(III) nitrate hydrate (Sc(NO 3 ) 3 ÁH 2 O, 99.9%, Sigma-Aldrich). A stock solution of 0.5 molÁL -1 aluminum(III) chloride in tetrahydrofuran (AlCl 3 /THF, Sigma-Aldrich) was used in the neptunyl cation-cation mixed solvent spectrophotometric experiments.
An aliquot of a dark green 237 Np (in 3 molÁL -1 HNO 3 /HF) mother solution from Idaho National Laboratory stocks was placed in contact with ferrous sulfamate to reduce the neptunium to the tetravalent oxidation state. The reduced neptunium was loaded onto a TRU Ò resin column (Eichrom Technologies LLC, part number: TR-R50-S) with 4 molÁL -1 nitric acid following the general procedure of Horwitz et al. [22] The retained neptunium was visible on the column as a dark greenish purple band. The neptunium was eluted from the column with 0.5 molÁL -1 hydrochloric acid. An aliquot of the concentrated neptunium solution was diluted into 0.01 molÁL -1 hydrochloric acid solution. The diluted purified neptunium solution was stored in a Nalgene bottle and was not used for any experiments for approximately two months. During this aging period, the color of the solution slowly changed to teal.
It was experimentally most practical to work with an acidic aqueous neptunyl stock solution since the NpO working stock solution to NpO 2(aq) 2? was conducted with a Pt mesh working electrode, Pt wire auxiliary electrode, and Ag/AgCl reference electrode at ?1.25 V versus Ag/AgCl. The recorded current exponentially decayed over the course of the oxidation. The current (i) was integrated as a function of time to obtain the charge (Q) of the oxidation experiment. The neptunium concentration was determined using the equation:
where Q is the charge in coulombs, n is the number of electrons transferred in the redox process, F is Faraday's constant (96,485 CÁmol -1 ), and N is the number of the oxidized species in moles. The results from the spectrophotometric and coulometric methods determined that the NpO 2(aq) ? concentration in the 0.01 molÁL -1 HCl working stock solution was 0.0188 ± 0.009 molÁL -1 (±3r). Neptunyl spectrophotometric experiments were conducted using a 1 cm pathlength quartz cuvette in an Ocean Optics cuvette holder at room temperature. The cuvette holder was attached to Ocean Optics Vis-NIR fiber optic cables, which were plugged into an Agilent Cary 60 spectrophotometer. Changes in the NpO 2 ) polar organic solvent solution. The absorbance from the organic solvent in the titrand solution was accounted for with a blank organic solvent solution with no added metal cation or water present. A broad, poorly-defined absorption feature was observed around the 960 nm region during the titration experiments. However, it was determined in separate experiments to originate from the water in the titrand solutions not accounted for in the blank organic solvent solutions. The magnitude of the absorption in the 960 nm region did not change over the course of the titration experiments. Known volumes of the titrant were delivered to the titrand in the cuvette with a volumetric pipettor. The two solutions were carefully mixed to single-phase homogeneity in the cuvette via a plastic transfer pipette prior to spectra collection.
The stability constants characterizing Cr Á H 2 O ð Þ n S ð Þ 3þ 6Àn (n = 1-6, S = 2-propanol, 1,4-dioxane, and acetonitrile) association were needed to interpret the NpO Á Cr 3þ aqueous-polar organic mixed solvent solutions. The spectra were collected on a Cary 14 spectrophotometer in a 1 cm path length quartz cuvette at room temperature. The fitting of all absorption spectral data was accomplished using HypSpec [24] .
Results
Near infrared absorption spectra of NpO 2 ) is added to the system with the concomitant appearance of a new peak red-shifted with respect to the NpO ; there was no evidence for any species of higher order.
In most of the systems studied, association-dissociation reactions of solvent molecules with the metal cations were rapid enough to ignore in the data analysis. Water exchange rates are well known to be slow on Cr 3? in aqueous solutions; Burgess reports k 1 = 5 9 10 -7 s -1 for H 2 O exchange in acidic, aqueous media [25] . In this study it was noted that Cr By comparison with the data from the prior literature, of which several examples are reported in Table 1 , cation-cation complexes are stronger in mixed aqueous-polar organic solvent media than comparable species in highly-salted aqueous media [10, 13, [26] [27] [28] [29] [30] [31] [32] [33] as can be seen graphically in Fig. 5 . The Gibbs energies of actinyl cation-cation complexation generally increase more-or-less in inverse proportion to the molar concentration of water, though the data do group into salted aqueous and mixed polar organic clusters. The NpO ). The conditional equilibrium constants for the neptunyl cation-cation complexes in the mixed aqueous-polar organic solvent solutions are approximately 50-100 times stronger than the values previously reported in and Sc 3? systems, where all four primary solvents were evaluated, neptunyl cation-cation complexes in 2-propanol are the weakest. This observation suggests that the H-bond donor may play a role in direct solvation of the neptunyl oxygen atoms, in this manner competing with cation-cation bonding interactions.
Discussion
The Gibbs energy data in Table 2 demonstrate a pattern of reactivity between the complex strength and the dominant organic solvent. For example, the Gibbs energies of the NpO The closed squares represent actinyl cation-cation complexes reported in acidic, weakly complexing high ionic strength aqueous media. The closed circles denote neptunyl cation-cation complexes observed in the aqueous-polar organic mixed solvent solutions from the present study. The closed triangles represent the neptunyl cation-chromium cation complexes in the mixed solvent solutions of the present study. The neptunyl cation-chromium cation complex data was not included in the linear trend correlation, which was created using 1/r 2 weighting of the data The respective molar volume, dipole moment, and dielectric constants for these solvents and tetrahydrofuran are listed in Table 3 
where N A is Avogadro's number, z is the charge of the ion (?3.0 for Al, Fe, Cr, Sc, In, ?3.2 for UO 2 ), e is the charge of the electron, e 0 is the permittivity of free space, r eff is the effective radius of the ion, and e is the dielectric constant of the solution [34] . This basic electrostatic model has been employed to correlate cation and anion Gibbs energies of hydration for nearly a century. An octahedral, six-coordinated geometry was taken as a reference for the radii of the secondary metal cations for consistency in interpreting the present experimental data. Shannon recommends the six-coordinate radii values for the Al 3? , Sc 3?
, Cr
, Fe
, In 3? , and UO 2þ 2 cations as the most representative [35] . Consistent with the prior literature, an effective ionic radius was used in the Born equation for calculating the Gibbs energy of solvation for the secondary metal cation in the mixedsolvent solutions. The effective ionic radius is the sum of the ionic radius of the metal cation plus 0.085 nm, which represents the radius of the oxygen atom in a water molecule [36] . Similar to Latimer et al.'s work [36] comparing Gibbs energies of cation solvation with the effective cation radius, improved linear correlations were observed in the present study between the Gibbs energy of neptunyl cation-cation complex formation and the Born Gibbs energy of solvation when the effective radius was used (rather than the bare ionic radius of the secondary metal cation).
As the media employed were not homogeneous, single solvent solutions, it became necessary to estimate an effective dielectric constant to enable an analysis of the applicability of the Born equation to the correlation of these data. After considering several alternative approaches described in the prior literature, the dielectric constant in the NpO þ 2 Á M nþ mixed solvent solutions was calculated assuming a weighted sum of the individual dielectric constants of the respective mixed media using the following expression:
where the mole fraction, x i , and neat solvent dielectric constant for each component of the mixed solvent, e i , was utilized. Dielectric constants were calculated for the solvent starting with the first addition of titrant and after the last, and the respective values were used to calculate an estimated range of DG solv values for each system. An example of the calculation of a representative dielectric constant is shown in supplementary information. This method of calculation focuses only on the mixed solvent, ignoring contributions to the dielectric constant from the metal cations or counter anions that are present, which have been considered approximately equivalent among the metal systems investigated. This approach also effectively eliminates consideration of cation-solvent specific (ion-molecule) interactions. The calculated final dielectric constant was subsequently used in Eq. 5 to develop a correlation between the Gibbs energies of neptunyl cation-cation complex formation and a calculated solvation energy based on this adjusted Born analysis (Fig. 6) . The calculated final dielectric constants and Born Gibbs energies of M n? solvation are reported as supplemental information (Table S2 ). The data in Fig. 6 indicate stronger NpO For example, the DS V /R value for the protic polar organic solvent 2-propanol is 13.5 while the aprotic polar organic solvent acetonitrile has a DS V /R value of 10.1 [38] . When the Gibbs energies of neptunyl cation-cation complexation are compared with the DS V /R values of the neat major organic solvents present in the mixed-solvent solutions, a positive linear trend is observed with the 3d M 3? cations (Fig. 7a) . The opposite behavior is observed for the NpO þ 2 -Group 13 M 3? cation-cation Gibbs energies of complexation (Fig. 7b) . The quotient DS V /R represents the neat chemical behavior of the major polar organic component in the absence of any additional solutes or solvents. Fig. 6 Relationship between the Gibbs energy of neptunyl cation-trivalent metal complexation (DG CC ) and the calculated average Gibbs energy of solvation (DG solv ) for the secondary metal cation in the mixed aqueous-polar organic solvent solutions. The neptunyl cation-trivalent chromium cation data was not included in the linear trend correlation, which was created using 1/r 2 weighting of the data. The ionic radii of the secondary metals are the Shannon radius with a coordination number of six [35] 
Summary of Observations
As was hypothesized, the reported Gibbs energies quantifying the actinyl cation-cation interactions (Fig. 5 ) become increasingly favorable as the water content of a solution decreases. The general proportional trend in Fig. 5 suggests that reducing the concentration of water does promote stronger actinyl cation-cation interactions. It is conceivable that the reduced three-dimensional ordering of the mixed medium is more directly responsible for the formation of stronger complexes, though some primary sphere hydration of the counter ions seems likely in any event. The data in Fig. 6 indicate stronger NpO Presumably indicating a greater degree of covalency in the cation-cation interaction, the NpO þ 2 Á Cr 3þ system deviates from the generally linear trend observed for the other metal cations. It is thought that in the mixed solvent solutions of the present study the NpO þ 2 cation competes as a ''ligand'' with the other solvent molecules for coordination sites in the octahedral secondary M n? cation environment. As a d 3 metal cation in an octahedral coordination environment, the ligand field stabilization energy of Cr 3? (-0.6 D o ) will decrease the energy of the bonding molecular orbitals in the octahedral complex, imparting greater stability in the octahedral complex as compared to similar 3d transition metal complexes with no ligand field stabilization energy (Sc 3? and high-spin Fe 3? ). In mixed solvent media with lower dielectric constants than water, ion-pairing between the cations and anions is more likely to occur than in dilute aqueous conditions, wherein ion-solvent interactions are stronger and three-dimensional structuring of the medium is a dominant feature. Ion-pairing between the metal cations and counter anions might have been expected to occur in the experimental mixed solvent media in the present study, however no indication of such ion-pairing was observed in the spectra of the starting solutions. The Bjerrum distance defines the average separation at which oppositely charged ions will be electrostatically attracted to form an ion-paired species. The distance is inversely proportional to the dielectric constant of the solution [39] . The previous literature generally agrees that the cation-cation interaction between the NpO þ 2 and M n? cations must involve a bonding interaction between an ''yl'' oxygen and M n? cation [11] . The ''yl'' oxygen of the NpO þ 2 cation and the oxygen atom in a water molecule have a similar relative concentration of electron density, effectively creating species with analogous dipole moments. In aqueous systems, hydrogen bonding occurs from the hydrogen atoms of water to the ''yl'' oxygen atoms of the NpO þ 2 cation. However in most of the mixed solvent systems, the ''yl'' oxygen atoms of the NpO þ 2 cation would not interact favorably with the electronegative O-atom of the aprotic polar solvent molecules. By altering the actinyl solvation environment and reducing H-bonding interactions, the formation of actinyl-metal complexes appears to be increasingly favored. With a diminished solvation structure surrounding the metal cation and a lower dielectric constant relative to water in the mixed solvent solutions, stronger ion-ion (or ion-dipole) interactions might be expected to occur.
Cation-cation interactions between pentavalent Np ions (NpO ) as a function of the DS V /R values for the major organic co-solvent, as seen in Fig. 7 .
Tetrahydrofuran was not a major component of any of the mixed solvent systems, being present at a final mole fraction in the two NpO 
Conclusions
It has been demonstrated that NpO þ 2 cations favorably interact with highly charged metal cations in mixed-solvent aqueous-polar organic solutions, yielding spectrophotometric changes in the NpO þ 2 980 nm near IR absorption peak region. Fitting the spectral data for an equilibrium constant of the 1:1 NpO þ 2 :M n? interaction indicates a 50-100 times stronger interaction between the metals in the mixed solvent media as compared to earlier studies in acidic high ionic strength aqueous media. Trends were observed correlating the Gibbs energies of neptunyl cation-cation complexation with the metal cation radius, dielectric constant of the mixed-solvent solutions, and polar organic solvent ordering. 
